ABSTRACT: The variability of minimum and maximum temperature and the daily temperature range (DTR) in Poland was analyzed on the basis of the data from 9 stations with different periods of data (the longest was 98 yr). The long-term changes of seasonal means as well as for all Julian days were determined. The increase in the minimum temperature was accompanied by a slighter increase in the maximum temperature and a decrease in the DTR. It was found that the DTR changes correlate well with cloudiness, and the extreme temperature changes are related to the NAO (North Atlantic Oscillation) intensity, especially during winter and spring. The analysis of intra-annual changes has shown that the strongest increase in the minimum and maximum temperatures occurs in mid-and late winter, but there are also periods with decreasing tendencies, i.e. late autumn, the beginning of winter and the beginning of summer. All temperature indices indicate the cooling in autumn. 
INTRODUCTION
According to the Third Assessment Report of the IPCC (the Shanghai draft, 2001, further referred to as TAR; http://www.ipcc.ch), the observed global warming over the 20th century reached 0.6 ± 0.2°C. This change was accompanied by an increase in minimum and maximum temperatures. Karl et al. (1993) have shown that the minimum temperature has risen 2 times faster than the maximum temperature at least in 30% of the Northern Hemisphere land areas, and that the daily temperature range (DTR) dropped in more than 50% of the land areas. According to TAR (2001) , the night-time air temperature over land increased by about 0.2°C decade -1 between 1950 and 1993 and the daytime air temperature increased by only 0.1°C decade -1 . Since the analysis of Karl et al. (1993) did not concern Central Europe, only a few papers seem to fill this gap (Böhm & Auer 1994 , Brázdil et al. 1994 , Lapin & Fa$ko 1994 , Miȩtus & Owczarek 1994 , Niedźwiedź & Ustrnul 1994 , Weber 1994 . Brázdil et al. (1996) , summing up these papers, stated that the tendencies in Central and South-Eastern Europe did not follow that suggested by Karl et al. (1993) . Trends of the minimum and maximum temperatures exceeded the significance level in some cases only, and the rise of the maximum temperature was higher than that for the minimum. Sometimes they both dropped. In Poland, the increase in maximum and minimum temperatures was significant only in spring and for the whole year, and the maximum temperature increased faster than the minimum temperature, so the DTR also increased, but not in a statistically significant way. At the seaside, however, Miȩtus & Owczarek (1994) found an increasing tendency for the mean annual minimum temperature to be significant at a majority of the analyzed sites.
Such a course of changes probably results from the choice of period of analysis. The 20th century warming occurred during 2 periods, 1910 2 periods, -1945 2 periods, and 1976 2 periods, -2000 2 periods, (TAR 2001 , and between them the temperature decreased. The analysis of longer records, going back to the beginning of the 20th century, pointed out an evi-dent increasing trend for both daily extremes in Central Europe (Brázdil et al. 1996) . The increase in temperature in Prague may be due to the urban effect, but Hurbanovo and Hohenpeissenberg represent rural conditions and also manifest significant warming. Also in this case the maximum temperature rises faster than the minimum temperature.
The aim of this paper is to analyze the variability of minimum and maximum temperatures in Poland and the relation to cloudiness and atmospheric circulation variations.
DATA AND METHODS
In the present analysis the daily minimum and maximum temperatures for 9 stations in Poland were used. A list of stations, their locations and length of records are shown in Fig. 1 and Table 1 . The longest record comes fromŚnieżka and has been homogenous since the beginning of the 20th century (G8owicki 1998) . It is a mountain station in the Sudety Mountains in southwestern Poland. The second longest record is from Zakopane, the submontane station in the Tatra Mountains in the south of Poland. All the others are from lowland locations. Hel represents the seashore conditions. Special attention was given to avoiding urbanbiased records. Stations in 1ódź and Poznań are located at airports outside of the cities. The record from Zakopane was homogenized because of the change of location in 1967. The homogeneity of records was tested by means of the Alexandersson (1986) test. Each station's values were compared with a reference record calculated from all the other stations with the weighting scheme proposed by Alexandersson (1986) . Short gaps in the long-term records from Zakopane, Pu8awy and 1ódź were not filled. The normality of the data distribution was verified by means of SmirnovKolmogorov nonparametric test.
For analysis of the extreme temperature variability a few indices were selected: mean minimum temperature (t n ), mean maximum temperature (t x ), DTR, frequency of days with minimum temperature below 0°C, the so-called cold days (fcd), frequency of days with maximum temperature above 20°C, the so-called warm days (fwd), the lowest daily minimum temperature (mint n ) and the highest daily maximum temperature (maxt x ). The temporal changes of the annual and seasonal values of these parameters were analyzed by means of a linear trend with Student's t-test of significance and the Mann-Kendall rank statistics. The trends at different locations were calculated for the common period 1951-1998 to enable a comparison. Some series, however, allow an evaluation of changes over a longer period.
To explain the observed trends in the minimum and maximum temperatures and the DTR, the linear correlation coefficients with mean annual and seasonal cloudiness were calculated forŚnieżka and 1ódź and with the NAO (North Atlantic Oscillation) index defined by Jones et al. (1997) 19°57' E 844 1912 −1998 1921 −1922 1ódź 51°44' N 19°24' E 184 1931 −1998 1939 −1940 ,1945 −1946 Pu8awy 51°25' N 21°58' E 142 1918 −1998 1921 −1922 ,1939 ,1945 −1946 
VARIABILITY OF MINIMUM AND MAXIMUM TEMPERATURES AND THEIR INDICES (1951− −1998)

Annual values (1951− −1998)
The mean maximum temperature exhibits a slight increase everywhere, but according to the MannKendall test, the rise is statistically significant only in Zakopane ( Table 2 ). The mean minimum temperature, however, shows a more evident increase (Fig. 2) , significant at all stations. The growth rate varies from 0.14°C decade -1 in Zakopane to 0.31°C decade -1 in Kalisz. Such big differences in linear trends of minimum and maximum temperatures have led to a decrease in the DTR (Fig. 3) . Only in Zakopane is the DTR rising. At other stations, the decrease in the DTR varies from 0.03°C decade -1 in Chojnice to 0.18°C decade -1 in Kalisz, and the decrease is statistically significant at 6 stations. The increase in the minimum temperature is faster than the increase in the maximum temperature, in agreement with the results of Karl et al. (1993) for other regions.
The long-term trend of the highest annual maximum temperature varies considerably in Poland ( Global warming is manifest also in the decrease in the annual frequency of days with the minimum temperature below 0°C (i.e. cold days) ( 
Seasonal values (1951− −1998)
The mean maximum temperature shows an increase in winter and spring that is statistically significant at all sites with the exception ofŚnieżka in spring (Table 3) . The growth rate varies from 0.54 to 0.65°C decade -1 in winter and from 0.25 to 0.40°C decade -1 in spring. In autumn the mean maximum temperature decreases, with the rate varying from 0.18°C decade -1 in Zakopane to 0.32°C decade -1 in Siedlce. Summer changes are statistically insignificant.
The mean minimum temperature also shows an increase in winter and in spring. The rise is statistically significant at all sites and varies from 0.55 to 0.75°C decade -1 in winter and from 0.25 to 0.43°C decade trends occur. The rate of the decrease varies from 0.12°C decade -1 inŚnieżka to 0.45°C decade -1 in Kalisz and is related to the decrease in the mean maximum temperature in autumn.
The absolute maximum temperature increases in winter, with the rate varying from 0.44°C decade -1 iń Snieżka to 1.05°C decade -1 in Kalisz and 1ódź. In autumn the absolute maximum temperature decreases significantly at all sites, with the exception of Zakopane (inŚnieżka at a significance level of 10%), with the rate changing from 0.21°C decade -1 in Zakopane to 1.00°C decade -1 in Poznań. In other seasons trends do not exceed the significance level.
The absolute minimum temperature generally has an increasing tendency from winter to summer and a decreasing tendency in autumn, but the changes are not statistically significant.
The frequency of days with the minimum temperature below 0°C (i.e. cold days) shows a decreasing trend in winter, varying from 1.6 d decade -1 inŚnieżka and Zakopane to 4.5 d decade -1 in Kalisz and Poznań. Low trends at the mountainous stations are the consequence of the fact that almost all days at these sites have a minimum temperature below 0°C. The frequency of cold days decreases in spring also, with the rate varying from 0.6 d decade -1 in Zakopane to 3.4 d decade -1 in Hel. In autumn, however, the number of cold days increases (at all sites with the exception of Kalisz andŚnieżka), though the changes are not significant. ). Values significant at α = 0.05 (0.10) are given in bold (italics)
The frequency of warm days (i.e. days with the maximum temperature above 20°C) does not exhibit significant changes, but there is an increasing tendency in spring and a decreasing one in autumn.
Intra-annual changes of the trends of minimum and maximum temperatures (1951− −1998)
In order to show the intra-annual changes of trends of minimum and maximum temperatures, they were calculated for each calendar day. The distributions of mean minimum and maximum temperatures on each calendar day do not differ significantly from the normal ones according to the Smirnov-Kolmogorov test, so the standard deviation was used to express the significance of trend. The minimum temperature exhibits the strongest increasing tendency at the beginning of the year (Fig. 5) . Its rate is the highest during mid-and late winter, from mid-January to the end of March, and reaches 0.06 to 0.08°C yr -1
. The decreasing tendency appears in late June and from the beginning of November to mid-December. Such a course for the linear trend values is close to equal at all the analyzed stations. The maximum temperature also increases at the beginning of the year (Fig. 6 ). This increase is a little slower and reaches 0.04 to 0.06°C yr -1 . In the rest of the year the periods with increasing temperature interlace with the periods of decreasing temperature. The decreases take place in late June, July, September, November and at the beginning of December.
LONG-TERM CHANGES IN 20TH CENTURY
On the basis of 4 long-term records, fromŚnieżka, Zakopane, Pu8awy and 1ódź (Table 1) , the trends over longer periods were analyzed. The mean maximum temperature exhibits a slight increase in winter, spring and over the whole year. According to the MannKendall test and the test of significance of the trend coefficient, the increase in the annual mean is significant atŚnieżka only (Fig. 7, Table 4 ), in winter at Pu8awy and nowhere in spring. In autumn the decreasing trend is statistically significant at all sites with the exception ofŚnieżka, where the maximum temperature increases. The annual mean minimum temperature significantly increases at all sites (Fig. 7) . The rate of the rise is a little faster than 0.1°C decade -1 . This increase occurs mainly in spring and winter (Table 4) . The mean annual DTR decreases significantly at all sites with a rate close to 0.06°C decade -1 . The strongest decrease occurs in autumn and spring, when it is statistically significant at all analyzed stations. The annual frequency of cold days also decreases every- The decrease is statistically significant at all stations except for Zakopane. The strongest decrease occurs of course in winter; it is slighter in spring. The highest annual maximum temperature decreases at all sites, with the exception of Snieżka. However, only the decrease at Zakopane and the increase atŚnieżka are significant (Table 4) . The strongest decrease occurs in autumn. In winter the highest maximum temperature increases, and this rise is significant at all sites with the exception of Zakopane. The lowest annual minimum temperature also increases, and this rise is insignificant only in 1ódź. The strongest increase occurs in winter (Table 4) .
The main features of changes of minimum and maximum temperatures in the longer period are similar to those calculated for second half of 20th century, but the rate of changes is usually slower. This indicates an intensification of climate changes at the end of century, especially in the last 2 decades.
RELATIONSHIPS BETWEEN CLOUDINESS AND TEMPERATURE CHARACTERISTICS
With a probability of 66 to 90%, the TAR states that the cloud cover over mid-and high-latitude land areas has increased by 2% and it is related to the observed decrease in the DTR in many countries. Karl et al. (1993) showed similar results. Only a few papers deal with cloudiness in Poland. Two of them (Matuszko 2000 , Szyga-Pluta 2000 show trends in particular cloud types. This seems to be a good idea, because the transmission of solar radiation is different for different clouds, and the influence of thick Ns (nimbostratus) clouds is much stronger than the thin Cs (cirrostratus) frequency of day Fig. 7 . Annual mean minimum and maximum temperatures, mean daily temperature range (DTR) and frequency of cold days (fcd) with linear trends at selected long-term stations. The trend equations statistically significant at 5% are given in bold ones. In Kraków, in the south of Poland, there is an increasing trend of Ac (altocumulus) and Sc (stratocumulus) clouds, the 2 most frequent ones, in the 20th century. There is also a decreasing trend of Ns clouds, which are also quite frequent (Matuszko 2000) . In Poznań, the most frequent clouds are Sc (23%), Ac (13%), Ci (cirrus; 17%) and Cu (cumulus; 15%). In the period 1966-1990 the frequency of occurrence of Ac, Ci and Cu clouds slightly increased, with a stable number of Sc clouds (Szyga-Pluta 2000) . In Poznań, however, the DTR has not decreased. Miȩtus & Owczarek (1994) analyzed the trend of annual values of cloudiness at seaside stations over the period . They found a decreasing tendency; but it was only statistically significant at 1 site. At all stations, however, correlation coefficients of cloudiness and the DTR were negative and statistically significant.
In this paper, the record of mean annual and seasonal cloudiness atŚnieżka in the 20th century was related to the annual and seasonal values of the DTR. The correlation coefficients were statistically significant in all seasons, pointing to strong relations between the DTR and the overall cloudiness (Fig. 8) .
The cloudiness atŚnieżka exhibits a positive linear trend in all seasons, but it is only statistically significant in spring (0.38% decade -1 ) (Dubicka & G8owicki 2000) . These values may be related to the variations of The daily values of mean cloudiness in 1ódź in the period 1951-1995 were also related to the DTR. In all seasons and over the whole year, correlation coefficients were negative and statistically significant (Table 5 ). It means that higher cloudiness is accompanied by a lower DTR.
RELATIONSHIPS BETWEEN THE NAO INTENSITY AND THE EXTREME TEMPERATURE CHARACTERISTICS
In Europe, the variability of temperature is strongly related to NAO variations (Wibig 1996 , Hurrell & van Loon 1997 . To analyze if the relation is also evident in the case of the maximum and minimum temperatures and their characteristics, the correlations between the NAO index, as defined by Jones et al. (1997) , and all the selected indices were calculated for all seasons and the whole year for the period 1951-1998.
The mean minimum and maximum temperatures have positive correlations with the NAO index in all seasons but summer, when they are negative and statistically insignificant (Table 6 ). The strongest relations are for the mean maximum temperature in winter, the weakest for the minimum temperature in autumn (significant at only 4 sites). The yearly correlations vary from 0.49 to 0.58 for the mean maximum temperature and from 0.41 to 0.53 for the mean minimum temperature.
The relations of the DTR with the NAO are much weaker. They are positive over the whole year and in autumn and negative in winter, because in winter the NAO has a stronger influence on the mean maximum temperature than the mean minimum temperature.
The strong NAO generally decreases the frequency of cold days. The relation is statistically significant in winter, spring and over the whole year, and below the significance level in autumn. Such days do not occur in summer. The frequency of warm days is significantly related to the NAO intensity in autumn only, when the correlations are positive. In summer and sometimes in spring, intensification of the NAO brings a lower than usual number of warm days. In winter such days do not occur.
The intense NAO is related to the lowest minimum temperature in winter, spring and over the whole year. The majority of the correlations are statistically significant. In autumn and summer negative correlations are common, but they do not exceed the significance level. The highest maximum temperature is higher than usual in autumn and winter during the years in which the NAO was strong. The relationship is the strongest in autumn, when all correlation coefficients are statistically significant, and they vary from 0.29 in Zakopane to 0.5 in Hel. In spring the correlations are mainly negative and insignificant.
DISCUSSION AND CONCLUSIONS
The linear increase in mean annual daily minimum temperature in Poland was evidently higher than that of mean daily maximum temperature at all stations in the longer periods and at all stations but 2 in the shorter one . The resulting decrease in the DTR is statistically significant. Also the decrease in frequency of days with minimum temperature below 0°C is clear and results in prolongation of the freeze-free season. All these results are consistent with TAR statements. Our results differ substantially from those presented by Brázdil et al. (1996) , because the period of our analysis is longer and includes not only the very warm 1990s but also the data from the first part of the 20th century. The strong influence of the 1990s on trends is evident in Figs. 2-4 & 7. The increasing trends exhibit a distinct annual course. The strongest warming was found during mid-and late winter for both the maximum and minimum temperatures. There are also subperiods when the decreasing tendency dominates, particularly well expressed in late autumn and early winter (November and the first part of December) and at the beginning of summer (June).
The evident increase in the minimum temperature indices together with a smaller increase (t x ) or even a decrease (maxt x ) in maximum temperature indices indicates the transition to a more maritime climate, which is related to the intensity of the NAO. Such a suggestion is confirmed by strong correlations of these indices with the NAO index, especially during winter and spring. The observed rise in cloudiness atŚnieżka can also be related to more oceanic climate conditions. The important feature of the observed changes is a statistically significant cooling in autumn. This should be related to changes in atmospheric circulation. The NAO index shows a slightly decreasing tendency in autumn, but the change is statistically insignificant.
The relations between cloudiness and the DTR at Snieżka and 1ódź confirm the relations postulated by Karl et al. (1993) and presented in TAR, irrespective of whether it is a direct or indirect effect related to the NAO intensity. It should be noted that the rise in cloudiness atŚnieżka is insignificant in spite of the fact that the atmospheric concentration of sulfate and other aerosols has evidently dropped in the last decade. 
